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Abstract— With increased autonomy in marine vessels, au-
tonomous surface vessels (ASVs) and conventionally manned
vessels need to coexist at sea. Any relocation needs to in-
clude collision avoidance according to the traffic rules at
sea, COLREGs. Here, a local collision-avoidance planner for
an archipelago environment is presented. The optimization-
based local planner presented considers a predefined nominal
path and upon detection of other vessels, a COLREGs-aware
maneuver is computed. The maneuver adapts to the available
space and includes a return to the nominal plan. The irregular
available space for maneuvers is approximated with a local
convex area. The planner was evaluated both in simulations
and in field experiments.

I. INTRODUCTION

The introduction of autonomy in vessels at sea is mo-
tivated by a potential to increase safety and efficiency.
Automatic functions may, for example, be introduced as
support functions for the crew or as tasks performed fully
autonomously by the vessel. In any task or mission at sea
that includes relocating the vessel, the motion planner would
need to adhere to the International Regulations for Preventing
Collisions at Sea COLREGs [1], [2].

From a motion planning and control perspective, previ-
ous research mainly considered COLREGs with respect to
Rule 7-8, 13-17 [3]. These are also the rules considered
here and describe the need for determining risk of collision
(Rule 7), actions to avoid collision (Rule 8), as well as the
applicable evasive maneuvers for overtake (Rule 13), head-
on (Rule 14) and crossing situations regarding power-driven
vessels (Rules 15-17) under good visibility conditions. COL-
REGs do not provide an absolute answer or precise distances,
which means that the rules need to be interpreted and
evaluated before implementation in an automatic function.
This stage setting also poses uncertainty in how to evaluate
an action in terms of safety and efficiency. Research on
algorithm metrics and evaluation can be found in, e.g.,
Stankiewicz et al. [4] and Vagale et al. [5].

It should be noted that COLREGs compliance is not solved
solely by implementing an algorithm taking the COLREGs
rule set mentioned in the previous paragraph into account.
Reliable situation awareness is a prerequisite, but also more
general challenges exist. Weber et al. noted that the cur-
rent algorithms may pose worse predictability, compared
to only conventionally manned vessels, as the tuning of
parameters may significantly impact the behavior [6]. Zhou
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et al. highlighted potential challenges that are introduced
with the concept and definition of visibility states [7]. In
[8], MacKinnon et al. discussed the existence of multiple
possible actions, especially when the planned route is not
a straight line, where the possible use of voice over radio
would encourage vessel collaboration.

In [3], articles on collision avoidance and path planning
techniques at sea are evaluated and surveyed, with main
focus on COLREGs coverage and limitations, but also on
applicability in different environments. One of the more
common planning approaches is to use predictive control,
i.e., to predict the outcome of various actions and choose
the action with the best prediction score. In the survey [3],
it was concluded that the majority of articles considered
open water, even though coastal areas also are considered
to a large extent. However, the denser the environment, the
lower the amount of articles seems to be. Sweden, where
this research was performed, has plentiful of archipelago that
defines the marine environment. As opposed to open water,
the archipelago limits the maneuver space.

Previous research on predictive control includes the work
by Hagen et al. with a discrete predictive controller designed
for open water [9]. Stankiewicz et al. proposed a predictive
planner, demonstrated in an open water setting, utilizing a
cost function for obtaining good seamanship [10]. For use
in more restricted water, Eriksen et al. proposed a layered
predictive planner and controller [11]. They presented a path-
following collision-avoidance system that considers stand-
on situations, readily apparent actions, and the presence of
static obstacles such as simulated elliptic islands. In [12],
Bergman et al. proposed a two-level planner for a complex
environment, such as an archipelago, where the first level is a
lattice-based planner that evaluates long-term considerations
of the plan, including collision avoidance. The second level
is an optimal controller that further evaluates and executes
the long-term plan using a receding horizon.

II. PROBLEM STATEMENT

The problem considered here is autonomous transition and
motion planning for collision avoidance in an archipelago
with islands, shallows, other static obstacles, as well as
dynamic obstacles such as other (power-driven) vessels. The
aim is to investigate and suggest solutions to some of the
challenges the environment implies on a predictive planner,
and more specifically:

1) How to model and integrate the irregularly shaped

environment into a problem that can be efficiently
solved by a numerical solver?
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2) How to adapt the problem to the varying space?

3) How to incorporate COLREGS into the problem?

4) How can a non-straight nominal path be incorporated
and accounted for with regards to the stand-on situa-
tion, predictability, and mission efficiency?

The ego vessel is assumed to have a predefined mission, here
defined in the form of an initial nominal path and a reference
speed. The nominal path defines where to go and between
which islands. When no other vessels are around, the ego
vessel may focus on following the nominal path, but once
a nearby vessel is detected, the priority is shifted toward
behaving predictable and avoiding collision. Predictability
here means to make readily apparent actions, if any, and
to perform the evasive maneuvers as per COLREGs. The
vessels are assumed to be smaller boats, such that boat
dynamics and size can be negligible in relation to the larger
surroundings. The static environment is assumed known and
all applicable vessels are assumed to be identified with
current position, course, and speed, as long as within line of
sight from the ego vessel, i.e., identification of other vessels,
e.g., using AIS is not to be expected.

III. METHOD

A local planner is introduced that solves an optimization
problem in order to find the best maneuver. The planner
should aim to move the vessel forward along the nomi-
nal path, but prioritize actions needed to avoid potential
collisions. Actions here both mean active avoidance and
the ability to keep course and speed when the situation so
requires. A system overview is presented in Fig. 1.
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N N I ~
H \ 4 \ 4 \ 4 i
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Fig. 1. Overview of the components and interfaces of the local planner.

The core of the local planner is an optimization problem
designed for finding the optimal inputs, relying on model
prediction, further described in Sec. III-A. Two categories of
space restrictions are identified. The first category is large
static irregular areas such as islands and shallows. These
are accounted for by creating a local convex free space X;
as input to the planner (Sec. III-B). The second category is
smaller static or dynamic obstacles such as markers or other
vessels. These are mathematically modeled as elliptic areas
that have a cost associated with intrusion (Sec. III-D). For
obstacle vessels, the shape of the restricted area depends on
the applicable COLREGs situation (Sec. III-C).

The resulting plan consists of timed way-points in coor-
dinates of north, Ny, and east, F;, with action cycle T,.

The start would be in the current position xg and the end
at a pursuit point (far) ahead on the nominal path, x;,. The
timed way-points are linked together with a corresponding
course over ground, u. 1, and speed over ground, u, j, such
that

Xpr1 = f(Xn, ug, Th) (1)
where up = (uw’buv,k)T, X = (Nk,Ek)T, and
. COS Uy |

f(xka ug, Ta) =Xi + Tauv,k (sin uw,k) (2)

The varying environment in an archipelago impacts the
planning horizon in time and distance. In Fig. 2, the action
instants correspond to the dots. They need to be close enough
not to let the elliptic obstacle pass by unnoticed in between
any of the dots. On the other hand, the planning horizon
itself needs to be long enough to take the full action, and
possible interactions, into account. By introducing T, as a
variable and not a constant, the horizon for the plan in time,
and distance, is variable (see, e.g., [13] where Rosmann et
al. presented a timed-elastic band). The number of prediction
steps H,, is selected large enough to cover the horizon well
and small enough to keep the computational time practical.
With constant speed, the evaluation points will be evenly
spread out in time.

Fig. 2. Tllustration of an evasive trajectory plan at three different times
over the prediction horizon. The current position is the green dot at the
upper right and the goal position, i.e., the pursuit point, is the red dot in the
lower left. The obstacle is associated with a moving elliptic restricted area.

A. The Optimization Problem

The optimization problem proposed to be solved at a
planning interval 77 over a horizon H,,, given a reference
speed vy, is formulated as

minimize T, + Jy + Jobs

u,...,ug,
subject to
X1 = f(Xp, ug, Ta) k=1,...,Hp
hni(x) <0 n=1,...,N,
k=2,...,H,+1
Uy < Vr + 0y k=1,...,H,
xp € X k=2,...,Hp
ToHpy > Thin
oy 20, 0<oops <1 3)
X1 =Xg, XH,+1 = Xpp

where the involved variables are defined and explained in the
previous and following sections. The cost function consists
of three parts with the action cycle T, being the first. By
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minimizing T, the total time to reach the pursuit point X,
given the constraints, is minimized. By selecting Ty, >
Ty it is also ensured that the plan will last at least until
the next planning iteration. If space is limited, the speed
will decrease accordingly. Secondly, the penalty function for
speed, J,,, considers both a speed increase above v,, with the
introduction of a slack variable ¢,,, and a smaller penalty for
speed itself. The latter term helps to keep the plan well-
stretched in space. The expression is

Hp

Jo =100 + o2 3 Us s 4)
k=1

where 7,1 and 7,2 are weights selected such that v, <
1. An increase in speed should not be allowed in order to
reach the defined pursuit point faster, but only if needed in
order to ensure a collision-free path forward. The weight v,2
is therefore proportionally large. Thirdly, obstacles shall be
avoided. Elliptic restricted areas were introduced in [11] and
the elliptic constraint equation as such is adopted here. The
modification here of the constraint is the introduction of a
slack variable o,s as

ok () | (N¢, cosB, + ES , sinf,,)?
nk(X)=—1In : >

. (va,n(l - UobS))2
(Nﬁk siné,, — Eﬁk cos 6,)?

(Ty,n(l - UobS))2

+In(l+¢) (5

where ¢ is a small numerical constant used to avoid singular-
ities. N .. and E i, define the positional difference between
the planned position of the ego vessel and the center of the
ellipse associated with obstacle n at time k as per

Nyg =N =Ny, E;

T n,k — Ey - E;:l,k (6)
where N, and ET , define the center of the ellipse. Note
that the center of the ellipse may differ from the obstacle
position, as further described in Sec. III-D. The course of
obstacle n is defined by 6,,, the radius along the direction of
travel is 74 p, and 7, 5, is the radius along the perpendicular
direction. The predicted movement of an obstacle is based on
its current speed and course, and in the case that the obstacle
is static, v, = 0. The movement of the ellipses over time is
computed as

nke = Ny o+ kTavp, cos b,
nk = o+ kTav, sinby,

(72)
(7b)

The slack variable oops € [0,1] is common to all obstacles,
and by minimizing this variable the maximum intrusion into
any of the restricted areas is minimized. Again, as seen in
Fig. 5, the obstacle itself may not be in the center of the
restricted area and therefore the cost should be high to avoid
any intrusion. Using 7.ps as a weight, the cost is defined by

Jobs = YobsTobs ®)

B. Identifying the Available Free Space and Pursuit Point

By using a static map with irregularly shaped areas,
marking free and non-free space, the free space is converted
to optimization-friendly local convex inner approximations.
Such an approximation is motivated by that the surroundings,
including the presence of other vessels, are only considered
known within the local visual area and planning beyond
is not applicable. The approximated area of free space is
introduced as half-plane constraints in the problem as

X; = {x € R*|Ax < b} )

The creation of such a space has previously been performed
by expanding a boat-like shape in [12], [14], or by using
tangents to detected obstacles as in [15]. Both of these
expansion schemes are ego-vessel centered. Here, Xy is
instead created by an heuristic expansion scheme focused
around the nominal path. With q, defining the north and east
coordinates of the path at a path coordinate s, the expansion
scheme is summarized as follows and visualized in Fig. 3.
First, define the relevant path points:
1.1 Identify the current path point qg and path parameter
so along the path.
1.2 Identify how far along the path the visibility reaches,
Sviss and find Smax BY Smax = max(so + lmax, Svis)-
The parameter [, defines the maximum look-ahead
distance.
1.3 Identify the nominal path expansion point, geyp, by
Sexp = (30 + Smax)/2~
Second, step-wise expand the free space. In each step, the
expansion is checked for convexity and intersections with
the static map. The expansion is done by adding points and
checking if the resulting convex hull is intersecting with any
of the polygons describing the restricted areas:
2.1 Add a smaller ego-centered space to include the ego
vessel forward direction of movement.
2.2 Expand space, along the nominal path, from sq up to
Sexp- If the vessel has a stand-on obligation, simultane-
ously add points along the stand-on path (see Sec. III-
E). If either direction is not possible to expand further,
then stop the expansion and set the last point included
in this step on the stand-on path to be qso exp as in
Fig. 6.
2.3 Step-wise expand along five directions. The first four
directions are the expansion of a box centered at geyy,
(or gso,exp), With an expansion limit of li.x, and
the fifth direction is along the nominal path, toward
Qmax- For each expansion j € [1, 5], expand a step d;
along the corresponding direction, if it is not possible
decrease the step size d; in the next iteration. Stop
expansion j if d; is smaller than a defined value, here
5 m was used.
To avoid numerical issues in the path inclusion, add a
corresponding corridor around the path. It also proved useful
to the numerical solver to move the pursuit point, red in
Fig. 3, slightly into the free space, away from the edge but
still along the path.
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Fig. 3. The available free space is approximated with a path-centered con-
vex space. The different shades of orange illustrate the different expansion
steps. The resulting pursuit point is marked in red.

C. Situation Identification

For obstacle vessels within the visible range, the current
state (including position, course, and speed over ground) is
considered system input. In order to identify the applicable
COLREGs situation (if any) for an obstacle vessel, the
relation to the current state of the ego vessel is evaluated.
The situations considered are overtake (OT), head-on (HO),
give-way when crossing (GW), stand-on when crossing (SO),
as well as an emergency situation (EM). If none of these
situations is applicable the situation is considered safe (SF).
The situation identification is done by first evaluating the
collision risk based on a closest-point approach, as also done
in [11] and [12]. Given the assumption of constant course
and speed for all involved vessels, the time to reach the
closest point of approach, tcpa, is for obstacle n computed
by using projection of the relative speed vector v,, on the
relative position vector p,. The closest expected distance,
dopa, between the vessels is the distance between the vessels
at tcpa according to
= ‘(f)n + tCPA,nvn” (10)

tcPAn = ,  dcpam

To prevent division by zero, a small value ¢ is introduced. If
tcpa < 0, this means that the vessels are not approaching.

SF I:
| »| Collision risk? J No
(CPA Check)

e Vs T—f oo

| or |[ ew || Ho || or |

Situation is over

Fig. 4. Situation identification. For a non-safe state, the situation needs to
be resolved before it can reach another state. The detection of emergency
state, EM, will override any other identification.

The situation identification for each obstacle vessel is a
state machine as illustrated in Fig. 4 and it is run contin-

uously in between the planning instants. First, the collision
risk is evaluated. The obstacle vessel is considered to be at
a safe distance if (dcpa > dsr) V (tcpa > tsr), where
dsr and tgp are parameters. Should the combined ¢cpa and
dcpa trigger a potential risk, the situation is further evaluated
according to a look-up table. The table uses relative bearing
and relative course as look-up parameters. Relative bearing
for vessel B to vessel A is defined as

dap = atan2(Ep — Ea, Ng — Na) — 04 (11)

with ¢ap € [0,27[ and correspondingly for ¢ps. The
relative course is defined as

QAB = 93 — 6‘A, 9AB S [07271'[ (12)

The look-up table, not further defined here, extracts the
situation and is based on [16]. However, the selection scheme
is here simplified as all vessels located aft of the ego vessel
are here defined as SF, and OT can only occur if the speed of
the ego vessel is higher than the speed of the obstacle vessel.
In addition, the angle for 055 defining the OT situation has
been decreased, compared to [16], from +37/8 to +7/4 to
have a larger give-way section and more often encourage
a pass behind the obstacle. The motivation for this is the
possibility of a sudden appearance of a vessel from behind an
island. It could be more appropriate to trigger a behind pass
in this case than had it been noted earlier. As the modification
of this angle simultaneously increases the angle for stand-on,
another option would be to choose the angle asymmetrical.

If a non-safe situation is detected, the situation state is kept
as this until the corresponding exit criterion is fulfilled, or the
emergency criterion is met. The exit criteria are implemented
as follows:

e HO, GW, and EM are considered resolved once the ego

vessel is located (central) aft of the obstacle vessel and
it is no longer approaching:

(tcpa < 0) A (¢Ba € [57/8,117/8])

e SO is considered resolved once the obstacle vessel is
located (central) aft of ego vessel and it is no longer
approaching:

(tCPA < 0) A (¢AB € [57T/87 1171’/8])

o OT is considered resolved once the vessel is no longer
approaching and the current distance between the ves-
sels, dap, is greater than dgp:

(13)

(14)

(tcpa < 0) A (daB < dsr) (15)

Emergency mode is entered once the collision risk is critical,
defined as

(dCPA < dcrit) \ (0 < tCPA < tcrit) (16)

where d..it and t., are parameters. This definition is similar
to the entry criteria in [11], [12]. As the planner only
considers obstacles in front of the ego vessel, any vessel
approaching from aft would here not trigger an evasive
maneuver.
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Although such a mode is not further described here, once
no vessels are in a non-safe state, a return to a pure path-
following mode could be considered.

D. Defining Obstacles

Dynamic obstacles, and smaller static obstacles not con-
sidered by Xy, are added to the optimization problem as
elliptical constraints described in Eq. (5). For the dynamic
obstacles, the shape of the representation is decided by the
identified situation and the size is set using the radius rgp.
This radius may vary depending on the available space,
as further described in Sec. III-F. Smaller static obstacles
extracted from the map are preferably classified as static
upon creation, in order not to be eligible for the COLREGs
situation identification.

In Fig. 5, example ellipses are shown for the different
situations. Based on rgp the ellipse radii for short and long
edge, rs and 7y, respectively, are described by

2
rs = 1.Orgp, 11 =3rs, Tof = §7“1 (17)

For GW, the long edge is in the direction of travel, r,, to
avoid passing ahead of the obstacle vessel, and for HO it
is in the sideways direction, 1, to encourage a pass on the
port side of the obstacle vessel. For both, the ellipse center
is rog away from the obstacle position. The states SO and
SF have no restricted area defined.

200 100
100 _ 50
T SN
E o Py | E o
s V)| =
-100 =50
-200 -100
-500 —400 -300 —200 -100 © 100 -150 -100 -50 © 50 100 150
x, [m] x, [m]
a) b)
200 100
100 i 50
T Y | 2
E o Po)) | € o
-100 -50
-200 -100
-500 —400 -300 —200 -100 O 100 -150 -100 -50 © 50 100 150
x, [m] x, [m]
c) d)

Fig. 5. Based on the radius rgr = 75 m (marked with the red circle), elliptic
restricted areas (blue) are created depending on the situation. Here the areas
are illustrated with level curves showing the cost increase for intrusion based
on o,phs. The location and direction of the obstacle is marked by the black
triangle (larger than the expected vessel size for illustrative purposes). a)
Head-on, HO b) Overtake, OT c) Give-way, GW d) Emergency, EM.

The EM entry criterion is defined in Eq. (16). With 7y,
defining the lower limit of rgp, let deyit < Tmin SO that a
successful avoidance, given the restricted areas for HO, GW,
or OT, will not trigger EM. The restricted area for EM is
a circle with radius rqr with the obstacle located at the
center. This opens up for a tighter passing on any side of
the obstacle, and centers the maximum cost to the middle of

the restricted area where the obstacle is located.

E. Stand-On Scenario

If any obstacle is causing the ego vessel to stand on, the
nominal path is temporarily replaced. The direction of the
new path is set by the current course of the ego vessel and
starts at the current position at the time of SO entry. The
temporary path itself may ignore the static map, and extend
over islands, since the pursuit point itself will, per definition,
be located within X;. The obstacle causing SO will not be
accompanied by a restricted area unless EM is detected. In
case of multi-vessel encounter, all other vessels may cause
evasive maneuvers from the temporary stand-on path. The
free-space identification scheme (Sec. III-B) will, in step 2.2,
use parallel expansion along both the nominal path and the
stand-on path. This is to ensure an efficient return to the
nominal plan, once the situation is resolved, see Fig. 6. The
box expansion, in step 2.3, is centered around the stand-on

path.
1500
.
1000 A N

7504

500 A

North, [m]

250 4 e
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—500 0 500 1000 1500
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Fig. 6. In a stand-on scenario, a stand-on path, in blue, is assigned in
addition to the nominal path, in light blue. This affects the resulting free
space (outer orange) and the pursuit point (red).

F. Scalability in Obstacles

The distance required to stay clear of other vessels is
not explicitly stated in the COLREGs. The concept of
good seamanship is always to be considered. Here, this is
interpreted as that a minimum safe distance should always
be maintained, but a larger distance is desirable when space
permits. The suitable distance to keep clear is therefore
adjusted depending on the environment. The radius rsp €
[Fmins Tmax], Where Tmin and rmax are user parameters, is
scaled with respect to the surrounding environment. By
creating a bounding box around Xy and taking the smaller
width by, as a measure, together with a scaling factor, «,
and lnax, a scaled candidate, 7sp, for rsp is computed as

f’SF = max(rmin; Tmax min(L abmin/lmax)) (18)
There is a memory in rgr according to
TsF = Min(7sF, 7Sk old) 19)

where 7sr o1q denotes the previous value of rgg, such that
over time the radius cannot increase, only decrease. A sudden
increase could potentially have the ego vessel to end up
further inside the created restricted area and cause unwanted
discontinuities in the plan.
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IV. SIMULATION AND EXPERIMENTS

The developed method has been tested and evaluated both
in simulations and in field experiments!. For all, the opti-
mization problem Eq. (3) has been solved using the solver
Ipopt [17] in CasADi [18]. The results presented here are in
selected scenarios for demonstration of the method. There
are numerous scenarios that can be created, and methods to
evaluate the overall performance of such an algorithm and
this is research of its own as discussed in, e.g., [4] and [5].
In order to execute the plan, the initial course and speed
provided by the planner is, for simplicity, used as set points
for course and speed until the next planning iteration. In
the simulations, the set points are implemented as the actual
course and speed and no boat dynamics are considered.

The parameters used for simulations and field experiments
are listed in Table I. The horizon H}, was chosen heuristi-
cally based on performance in computation and such that
(2lmax/Hp) < Tmin in order to keep the step size dense
enough for the model predictions.

A. Simulations

In the first presented simulation, a two-vessel crossing
situation is considered. The blue vessel B2 in Fig. 7 is to
give way to the red vessel B1, which is to stand on. It can
be seen that the give-way plan for B2, illustrated with blue
dots, uses the available space, marked with orange, but in
addition, as maneuver space is limited, it will need to slow
down to let the obstacle pass. The grey ellipse illustrates the
restricted area around the obstacle vessel B1. The plan for
B1 is a stand-on plan and does not follow the red vessel’s
original plan but aims straight ahead. The closest distance
between the vessels in this scenario was 86.0 m and 7y,
was set to 75 m.

800

600

200

North, [m]
o

|
]
o
o

-400

—-600

1500
East, [m]

500 1000

Fig. 7. Simulated scenario with give-way situation for B2. The identified
free space is not sufficient for an evasive maneuver without slowing down.
The vessel speed will decrease from 4.2 m/s to 3.0 m/s, until the obstacle
has passed. The speed decrease corresponds to higher density of way-points
in the first part of the plan.

The second presented simulation scenario involves three
vessels, all implemented to use the proposed planning

Thttps://youtu.be/z6MTShYA4AE [Accessed 2024-04-03]

method. Two vessels, B2 and B3, are here in a head-on
situation and B1 creates a crossing situation with each of
the other two as presented in Fig. 8. Vessel Bl is to give
way to B2 and stand on in relation to B3. B2 is in a head-
on situation with B3 and in a stand-on situation with B1. B1
first detects the give-way situation with B2 and then, once the
evasive maneuver is initiated, it detects the stand-on situation
with B3. This causes B1 to continue in that direction until
the stand-on situation is over. Would B1 have had detected
the stand-on situation with B3 prior to starting to give way to
B2, a stand-on path would be set before starting to give way.
In this scenario, neither of the vessels had to slow down, and
the resulting minimum distance was 87.8 m, which is higher
than 7, = 75 m. The average computation time per vessel
at each planning instance was 2.3 s, which is considered
reasonable for real-time experiments.
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Fig. 8. Scenario with three vessels at time ¢t = 180 s. Each vessel B1-B3
considers the other two as obstacles.

B. Field Experiments

The field experiments were performed in the WASP Re-
search Arena for Public Safety, WARA-PS, [19], located at
Grinso, Vistervik on the Swedish east coast. The real-time
implementation of the planner utilized the Robot Operating
System, ROS?. The first experiment was a head-on scenario
that utilized a Piraya USV [19] together with a simulated,
non-acting, obstacle traveling straight as presented in Fig. 9.
A down-scaling of the distance parameters was done to
accommodate the available space and safety distances. The
planning interval 71 was lowered to 5 s in order to enable
a quicker response to the planned turning action and still
accommodate the estimated planning computation time. The
experiment aimed at showing feasibility in a real-time sce-
nario.

In the second experiment, using WARA-PS MiniUSVs?,
both vessels utilized the planner. The scenario was here
scaled down, which amplified the impact of environmental
disturbances and boat dynamics significantly (Fig. 10). Given
that the detection range was set very low, there was not

Zhttps://www.ros.org [Accessed 2024-03-07]
3https://portal.waraps.org/page/mini-usv [Accessed 2024-03-07]
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Fig. 9. Field experiment with a head-on scenario. To the left is the scene
visualized in RViz, a ROS visualization tool. The grid size is 50 m X 50 m.
The yellow romb/ellipse marks the restricted area of the simulated obstacle
and the purple line marks the evasive plan.

enough space for an evasive maneuver and, correctly, EM
was entered. However, due to the proportionally large impact
of disturbances, it can be challenging to maintain a safe
distance in this setting.

a)

Fig. 10. Field experiment with a two-vessel give-way/stand-on scenario.
The green vessel is going north-east and the red vessel is going south-west.
The grid size is 50 m X 50 m. a) The red vessel has created a stand-on
plan and the green vessel is planning to give way. b) Given the down-scaled
problem, the boat dynamics prevents the green vessel from executing the
intended maneuver in time and an emergency situation arises. ¢) Mini-USVs.

V. DISCUSSION

This research aimed to investigate and to propose a
local planner for collision avoidance in an archipelago
environment with varying available space. The problem
statement in Sec. II posed four questions, where the first
regarded the irregularly-shaped environment. Representation
of irregularly-shaped obstacles in a numerical optimization
problem is non-trivial, as argued in [11], where the proposed
avoidance method was evaluated in a simplistic world with
ellipses representing islands. It is in this research, however,
assumed that obstacle vessels are only known in the visual
area. This assumption makes it reasonable to only perform
evasive planning in the local area using a forward-looking
convex approximation of the free space, as defined in Sec.
III-B and also illustrated in Fig. 7. The handling of the free
space in the proposed planner may be improved so that

TABLE I
PARAMETERS FOR SIMULATIONS AND EXPERIMENTS

Parameter Value® Description
Hy, 25 prediction horizon, steps
T 25/5/5s planning interval
lmax 1200 / 300 / 50 m max. look-ahead distance
Tmin 75720/ 10 m min. safety dist.
Tmax 300 /20 / 1wasO m max. safety distance
dsr 350 / 350 / 40 m safe level for dcopa
derit 75720/ 10 m crit. level for dcpa
tsp 300/ 300/ 50 s safe level for tcpa
terit 30/10/10 s crit. level for tapa
Yol 6 weight for Jy,1
Vo2 10—4 weight for Jyo
Yobs 1000 weight for Jgpg
Ypos 10 weight for Jpos
e 0.005 par. used in Eq. (5) and (10)

« 0.5 scaling par. used in Eq. (18)
TSimulation / Field 1 / Field 2 (if modified)

near-edge situations are prevented for navigational safety
and numerical efficiency. Related to this, Bergman et al.
introduced a penalty distance to static obstacles in the lattice-
based planning step [12] and Eriksen et al. used a two-level
padding of static obstacles [11].

The second item in the problem statement regards adapta-
tion of the problem to the available space. This is primarily
solved by the convex approximation of the free space, and
having the plan adapt accordingly in time and distance.
Should the space be limited, a slow-down maneuver is
encouraged as presented in Fig. 7. By introducing a minimum
time limit, a slow-down maneuver is also encouraged if the
vessel is too close to the pursuit point. Also, a means to
adjust clearance distances to other vessels depending on the
varying space is introduced in Sec. III-F. Speed is, however,
also a factor in safety distances as argued and introduced in
[16].

The third problem stated regards the incorporation of
COLREGs into the collision-avoidance planner. Given that
the situation is detected as GW, HO, OT, or EM these are
resolved using spatial constraints in the optimization problem
(Sec. III-D) as also done similarly in [11] and [12]. Chal-
lenges arise in the situation identification itself, especially in
an archipelago setting when vessels may not keep a steady
course. Uncertainties in predicted travel are to be expected,
but in combination with the non-convex setup of the opti-
mization problem, this may cause discontinuities from one
planning iteration to the next (Fig. 10). The decision point
on when or not to enter a situational state (including EM)
may also cause varying behavior (as in desired maneuver), as
the relative bearings vary with the direction of travel. This is
further discussed in [6]. The assumption made here to ignore
vessels aft of the ego vessel is a simplification as, say, vessels
being overtaken should, preferably, also consider to prioritize
predictability over path-following. The current limitation in
incorporating situational state changes into the predictions
used by the numerical optimizer is a challenge, which is
also mentioned by Eriksen et al. [11]. This means that a
currently safe situation may enter a non-safe state, e.g., the
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planner may suggest a turn in front of another vessel, without
being accounted for in the optimization problem. Bergman et
al. have, however, incorporated state changes in the lattice
planner, which utilizes a search tree rather than numerical
optimization [12].

For non-straight routes, as are expected in an archipelago,
there is a difference between stand-on and a non-action that
motivated the fourth problem stated. Eriksen ef al. proposed
restrictions on the control inputs such that, if any evasive
maneuver is needed, it should be readily apparent [11].
This was demonstrated in simulations. Here, the stand-on
management is performed via a temporary replacement of
the nominal path. A map-based reference, rather than an
ego-centered reference, may pose a more robust solution
given potential external disturbances such as wind and sea
current. Figure 6 provides an illustration on how the design
of the free-space polygon allows the vessel to adhere to the
guidance of a nominal path even in a stand-on situation. The
method was applied in simulations (Figs. 7-8), and a field
experiment (Fig. 10).

For the proposed planner in this research, simulations
were done to demonstrate the intended behavior. The first
simulation, as presented in Fig. 7, shows that the planner
has the ability to create valid evasive maneuvers that consider
the limited space as well as mission objectives (by ensuring
a return back to the nominal path). The planner extends to
multi-vessel encounters as presented in the second simulation
(Fig. 8). The performed field experiments utilized two dif-
ferent vessel types and demonstrated real-time performance.
The down-scaled setting, presented in Fig. 10, demonstrated
the method in the presence of deviations between actual and
predicted behavior and entering of emergency mode. The
emergency mode here only causes a geometrical adaptation,
but would additionally benefit from speed reduction.

Further research would include robustness considerations
such as introducing fallback solutions, and elaborating on
situation transitions and predictions in a curvy-route setting.

VI. CONCLUSIONS

In this paper a local collision-avoidance planner for use in
archipelago environments was presented. The available space
is approximated with a path-centered convex space. The
planner is able to adapt evasive maneuvers as well as stand-
on behavior according to COLREGS to the available, often
limited, space. The planner was implemented and evaluated
in both simulations and real-time field experiments.
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